Introduction {#S1}
============

Growth and reproduction are closely related, and there is cross talk between the endocrine systems controlling these fundamental processes in vertebrates ([@B1]--[@B3]). Examples of the clinical manifestations of the growth--reproduction interaction include delayed onset of puberty and ovarian problems in women with growth hormone (GH) insufficiencies ([@B4]). GH hypersecretion in acromegaly can also be associated with menstrual disturbances and reduced fertility ([@B5]). In normal animals, GH can stimulate testicular spermatogenesis and ovarian hormone synthesis ([@B6], [@B7]) or indirectly affect gonad development by stimulating the expression of insulin-like growth factor 1 (IGF1) ([@B8]). As GH participates in hormone synthesis, ovulation, growth and renewal of follicles, oocyte maturation, spermatogenesis, sperm motility, and other aspects of reproductive development, it may be considered as a co-gonadotropin ([@B9]).

Paradoxically, reproduction in GH-transgenic fish is often reduced or disrupted to some extent. Stable GH-transgenic fish lines, including tilapia (*Oreochromis niloticus*) ([@B10]), coho salmon (*Oncorhynchus kisutch*) ([@B11]), loach (*Misgurnus mizolepis*) ([@B12]), and common carp (*Cyprinus carpio*) ([@B13]) have been established as fast-growing genetically modified organisms for potential human consumption. After decades of controversy, in 2015 the Federal Department of Agriculture in the US approved the first GH-transgenic Atlantic salmon (*Salmo salar*) as a legally edible animal. This is a milestone for transgenic animal industrialization, yet challenges remain. Beside increased growth, GH-transgenic fish species exhibit reduced courtship and spawning ([@B14], [@B15]), reduced sperm quantity and ovarian size ([@B10], [@B16]), and reduced nest loyalty, quivering frequency, and spawning participation ([@B17]).

Rahman ([@B10]) and Bessy ([@B14]) were among the first to report increased energy allocation to somatic growth rather than gonad development for reduced gonadal size and reproductive potential in GH-transgenic fish. We also reported on delayed sexual maturation and decreased gonadal size of fast-growing GH-transgenic common carp ([@B18]). In that study, high levels of GH were shown to directly inhibit luteinizing hormone (LH) production and release through GH receptors in pituitary gonadotrophs to suppress reproductive processes. This provided the first proposal of a mechanism whereby GH overexpression in transgenic fish could affect reproduction. However, the exact mechanism linking altered energy allocation, somatic growth, and suppressed reproduction in GH-transgenic animals remains to be elucidated.

The present study was therefore conducted using RNA sequencing of hypothalamus, pituitary, gonad, liver from 5-month-old GH-transgenic common carp, and their wild-type counterparts. An association between decreased *leptin* expression and the overexpression of GH in the transgenic animals led us to investigate the role of leptin. This is especially relevant given that leptin plays critical roles in the regulation of body weight by inhibiting food intake and stimulating energy expenditure. We determined that recombinant carp Leptin directly stimulates both pituitary gonadotropin subunit expression and ovarian germinal vesicle breakdown (GVBD). In GH-transgenic common carp, decreased *leptin* expression is therefore one link between altered energy status and disrupted reproduction.

Materials and Methods {#S2}
=====================

Experimental Fish {#S2-1}
-----------------

The female and male GH-transgenic common carp (Yellow river strain) used in the study were from our TG2 line, carrying the grass carp (*Ctenopharyngodon idellus*) GH gene ([@B13]). GH-transgenic and non-transgenic common carp were derived from the same non-transgenic mother and were reared at Guanqiao Experimental Depot, Wuhan, China. Ten individuals of each group were sampled, and the body weights were measured. Five fish were sampled in each group for RNA sequencing. Ten fish were sampled for qPCR and serum hormone analysis. The gonadosomatic index (GSI; gonad weight/body weight × 100%) was also calculated for each individual. The Animal Care and Use Committee of the Institute of Hydrobiology approved all procedures.

RNA Isolation, Library Construction, and Sequencing {#S2-2}
---------------------------------------------------

Tissue samples of the hypothalamus, pituitary, liver, and gonad were collected from five GH-transgenic and non-transgenic common carp in 5-month-old at puberty developmental stage, respectively. Total RNA was isolated using the Trizol reagent (Invitrogen, USA), according to the manufacturer's protocol. All of the samples had an RNA integrity number value greater than 8. Sequencing libraries were generated using the NEB Next Ultra RNA library prep kit from Illumina (New England Biolabs, USA), according to the manufacturer's protocol. Libraries were sequenced on an IlluminaHiseq™ 2000 platform and 150 bp paired-end reads were generated. The transcriptome raw data are available at <http://www.ncbi.nlm.nih.gov/bioproject/337990>.

Data Analysis {#S2-3}
-------------

Clean data (clean reads) were obtained by removing reads with adaptors, reads with unknown sequence more than 5% or low quality reads which had more than 50% QA ≤ 15 bases, by using in-house Perl scripts. All further analyses were performed using only the cleaned, high-quality data. *De novo* transcriptome assembly was carried out using the Trinity program ([@B19]) with optimized k-mer length of 25. On the other hand, the clean reads were also mapped to the common carp (Heilongjiang strain) reference mRNA database[^1^](#fn1){ref-type="fn"} using SOAPaligner/soap2. Two base mismatches were allowed in the mapping process, total mapped reads were calculated, and the mapped regions were counted. HTSeq software was used to count the number of reads mapped to each gene. The normalized gene expression level was separately calculated as reads per kilobase of mRNA per million of mapped reads (RPKM) for each library.

The transcriptomic data included expressed genes in hypothalamus, pituitary, gonad, and liver of both female and male individuals of GH-transgenic and non-transgenic carp. There were in total 16 libraries constructed and sequenced. The mixed library was constructed following *de novo* assembly processes, including 172,823 unigenes, which was far more than the estimated gene number of common carp genome. The clean reads were also mapped to the reference mRNA database of common carp. The average percentage of total mapped reads was 38.09% and that of unique mapped reads was 32.71% (Tables S1 and S2 in Supplementary Material). The common carp database was compared to the *de novo* assembled reference database using the Basic Local Alignment Search Tool.[^2^](#fn2){ref-type="fn"} We then assembled a new reference database that included unique sequences of Yellow River common carp strain and excluded any redundancies. This improved database containing 52,327 genes was used as the reference database for further analysis. The average percentage of total mapped reads was improved to 53.83% and that of unique mapped reads was improved to 47.55% (Table S3 in Supplementary Material). The following differential expression analysis was based on the improved reference database.

Differential Gene Expression Analysis {#S2-4}
-------------------------------------

The expression level of each gene was estimated by RPKM values. The 16 libraries were named NTHF, NTHM, THF, THM, NTPF, NTPM, TPF, TPM, NTLF, NTLM, TLF, TLM, NTGF, NTGM, TGF, and TGM where NT and T indicates non-transgenic (NT) or transgenic (T) groups. The four tissues were hypothalamus (H), pituitary (P), liver (L), and gonads (G) in female (F) and male (M) common carp. Data sets were subjected to a series of comparisons between GH-transgenic and non-transgenic groups. The number of differentially expressed genes (DEGs) identified is listed in Table S4 in Supplementary Material. Detailed information of all DEGs is shown in Table S5 in Supplementary Material. Since we focused on the delayed gonadal development in both female and male GH-transgenic carp, the genes changed both in female and male individuals were filtered using Venn diagram analysis (Figure S1 in Supplementary Material). Detailed information of DEGs in both male and female of different tissues is shown in Table S6 in Supplementary Material.

Differential expression analysis was performed using the DESeq package ([@B20]). The resulting *P*-values were adjusted using Benjamini and Hochberg's method for controlling the false discovery rate. Genes with an adjusted *P*-value less than 0.05 were considered to be differentially expressed. Gene ontology (GO) enrichment analysis of DEGs was implemented by the GOseqR package ([@B21]) with gene length bias correction. For hypothalamus of GH-transgenic carp and non-transgenic carp, annotated genes were categorized into cellular component and molecular function (Figure S2 in Supplementary Material). Pituitary DEGs were categorized into molecular function categories. In the liver of GH-transgenic and non-transgenic carps, the DEGs were categorized into cellular component, molecular function, and biological processes. In gonad, the DEGs were categorized into cell component change. The detailed list is attached in Table S7 in Supplementary Material.

The KOBAS software ([@B22]) was employed to test the statistical enrichment of DEGs in Kyoto Encyclopedia of Genes and Genomes database (KEGG[^3^](#fn3){ref-type="fn"}) pathways. The KEGG terms with corrected *P*-values less than 0.05 were considered significantly enriched. In order to identify possible biochemical pathways that DEGs were involved in, KEGG analysis was carried out to understand the common changed pathways that enriched in both male and female GH-transgenic carp. There are 81 significantly enriched terms in hypothalamus, pituitary, liver, and gonad which are listed in Table S8 in Supplementary Material.

To further investigate reproductive development in GH-transgenic carp, significant DEGs in tissues common to both females and males were identified and annotated. We filtered those DEGs exhibiting a log~2~ fold change ≥ 1 to include those with a RPKM value higher than 10 in at least one sample and those genes reported to be involved in either endocrine control of gonadal development or energy regulation. These DEGs are listed in Table S8 in Supplementary Material.

Validation of DEGs by qPCR {#S2-5}
--------------------------

In order to confirm the reliability of the data obtained by RNA-seq, 15 DEGs were selected for validation using qPCR. The primers are listed in Table S9 in Supplementary Material. The RNA samples from an independently repeated study were used for reverse transcription. qPCR was carried out on a Bio-Rad fluorescence quantitative PCR instrument (CFX96 Touch™). Each qPCR mixture contained 0.8 µL sense and reverse primers, 1 μL template, 10 µL 2 × SYBR mix (TOYOBO, Japan), and 7.4 µL ddH~2~O. Three replicates were conducted for each sample, and β-actin gene was used as an internal control. The program for qPCR was as follows: 95°C for 10 s, 40 cycles of 95°C for 5 s and 60°C for 20 s. Relative expression level was calculated using the 2^−ΔCt^ method. All data are given as mean ± SD of three replicates.

*In Situ* Hybridization and Immunofluorescence {#S2-6}
----------------------------------------------

The leptin receptor *(lepR)* probes for *in situ* hybridization were made using the primer pair (5′-TTATCTAATCATCCAGTGC-3′; and 5′-TAATACGACTCACTATAGGGCGGAGAACGGTCGAGTA-3′), following validated protocols ([@B23]). *In situ* hybridization for *lepR* combined with immunocytochemical localization of Lhβ (antibody FMU-cGTHIIβ9) in non-transgenic female common carp (8 months old) was performed as previously described ([@B18]).

Determination of Serum Hormone Concentrations {#S2-7}
---------------------------------------------

Blood was collected from GH-transgenic and non-transgenic common carp (5 months old, *n* = 7--15). Serum samples were obtained by centrifugation at 3,000 × *g* for 15 min at 4°C. The Gh ELISA system, with the assay range of 1.56--50 ng/mL, was developed and validated in our previous studies ([@B24]). The estradiol ELISA kit (\#582251) was purchased from Cayman Chemical (USA). Igf1 (CSB-E12122Fh) and Igf2 (CSB-EL011088FI) ELISA kits were purchased from Cusabio Life Science (Wuhan, China) ([@B25]). The hormone analyses followed the manufacturer's instructions.

*In Vitro* Incubation with Recombinant Leptin {#S2-8}
---------------------------------------------

Full-length cDNA of common carp *leptin* was inserted into the pMXB10b vector (New England Biolabs, Beijing, China), and the recombinant construct was transformed into DE3 competent cells. The leptin protein fused to a chitin binding domain was expressed in the bacteria following induction with IPTG. After incubation with 0.3 mM IPTG at 30°C for 6 h, the bacteria were harvested and disrupted by sonication (Scientz-IID, Ningbo, China). The bacterial lysate was passed through a chitin column, and the anchored fusion protein was then incubation with 50 mM DTT, to cleave and harvest the recombinant common carp Leptin protein. The purity of the recombinant protein was confirmed by polyacrylamide gel electrophoresis (Figure S3 in Supplementary Material).

Pituitary glands were removed from non-transgenic common carp (5 months old). After being washed three times, the pituitaries were cut into small pieces with scissors and equally transferred into 24-well plates for the following incubation. To determine the effects of Leptin on pituitary *gthα, fshβ*, and *lhβ* gene expression, carp pituitary fragments were treated with recombinant Leptin. The dosage of Leptin was chosen according to serum Leptin concentration (\~10^−9^ M) we determined in this study and reported in other animals ([@B26]--[@B28]). Pituitary fragments were harvested at 30 min, 1 h, and 2 h after incubation. Levels of *gthα, fshβ*, and *lhβ* were quantified by real-time PCR. Data presented in this study were the results of at least three independent experiments and were expressed as fold change relative to the controls.

GVBD Assay {#S2-9}
----------

Zebrafish ovarian follicles were isolated and incubated following an established protocol ([@B29]). Briefly, gravid female zebrafish were deeply anesthetized with 0.01% tricaine methanesulfonate solution (Sigma, USA) for 2 min and sacrificed. Ovaries were washed three times in PBS, and the individual ovarian follicles were separated without damaging the follicle cell layers. Full-grown follicles (550--650 µm in diameter) were selected and randomly distributed into a 24-well plate (20--30 follicles per well) and treated with recombinant Leptin protein. The follicles were incubated for 4--16 h and scored at each time point for %GVBD.

Results {#S3}
=======

Body Weights and GSI in GH-Transgenic Carp {#S3-1}
------------------------------------------

The body weights of GH-transgenic carp were 1.8- and 1.9-fold higher than female and male non-transgenic animals, respectively (Figures [1](#F1){ref-type="fig"}A,C). The GSI in GH-transgenic carp decreased by 2.5- and 9.8-fold compared with non-transgenic carp (Figures [1](#F1){ref-type="fig"}B,D).

![Comparison of body growth and gonadal development between non-transgenic (NT) and GH-transgenic (T) common carp of 5 months. **(A)** Comparison of morphology of NT and T common carp. **(B)** Comparison of the gonad morphology of NT and T common carp. **(C)** Comparison of body weight of female and male NT and T common carp. **(D)** Comparison of gonadal-somatic index between NT and T common carp of females and males. Samples were collected at 5 months of age. Values are represented as means ± SEM (*n* = 10--15) at each sampling time and analyzed by Student's t-test between NT and T. Asterisks indicate statistically significant differences compared within NT and T at *P* \< 0.05.](fendo-09-00131-g001){#F1}

Differential Gene Expression in GH-Transgenic Carp {#S3-2}
--------------------------------------------------

Analysis of the DEGs in hypothalamus revealed that four terms involved in signal transduction and signaling molecules and interaction were enriched. These included neuroactive ligand receptor interaction, the Jak-STAT signaling pathway, cytokine--cytokine receptor interaction, and cell adhesion molecules (Table S7 in Supplementary Material). The gene with the highest expression (with the highest RPKM value) in wild-type is *cyp19a1b*, or aromatase b, which is the estrogen synthesis enzyme found in radial glial cells in the teleost brain. Expression of *cyp19a1b* was downregulated more than twofold (with log~2~Ratio (T/NT) −1.2 for female and −1.3 for male common carp, Table S8 in Supplementary Material) in the hypothalamus of GH-transgenic carp. Hypothalamic *slα* (somatolactin alpha) was also decreased in GH-transgenic fish. Genes that were upregulated in the hypothalamus of GH-transgenic carp include the growth-related transcriptional factor *stat1* (signal transducer and activator of transcription 1), *stat2* (signal transducer and activator of transcription 2), and *irs2* (insulin receptor substrate 2) (Table S8 in Supplementary Material).

In the pituitaries of GH-transgenic carp, the expression levels of genes encoding hormones such as *gh, gthα, fshβ*, and *lh* β exhibited downregulation, while *prl* (prolactin) was upregulated (Figure [2](#F2){ref-type="fig"}). These genes are related to the GO terms neuroactive ligand--receptor interaction pathway and endocrine system. Growth-related genes in the pituitary that were differentially expressed in GH-transgenic carp include upregulated *slα, tshr* (thyroid stimulating hormone receptor), *sstr2* (somatostatin receptor 2), *sstr3* (somatostatin receptor 3), *socs1* (suppressor of cytokine signaling 1), *socs3b* (suppressor of cytokine signaling 3b), *socs5a1* (suppressor of cytokine signaling 5a1), *socs5* (suppressor of cytokine signaling 5), *slα, irs2* (insulin receptor substrate 2), *sst* (somatostatin), *lepR*, and *lepRl* (leptin receptor long isoform), and downregulated *gh* and *igfbp1* (insulin-like growth factor binding protein 1) (Table S8 in Supplementary Material). These genes are related to the Jak-STAT signaling and cytokine--cytokine receptor interaction signaling pathways. In the pituitary, reproduction-promoting genes such as *gnrhr2* (gonadotropin-releasing hormone receptor 2), *fshβ, lhβ, cyp19a1b*, and *gabar* (gamma-aminobutyric acid receptor-associated protein-like) were downregulated, while reproduction-inhibiting genes such as *drd1* (dopamine receptor D1) and *drd3* (dopamine receptor D3) were upregulated in GH-transgenic carp. Genes related to circadian rhythms such as *clock1a, clock2*, and *per2* were upregulated while *cyclinG2* was downregulated in the pituitaries of GH-transgenic carp. Markers for reactive oxygen species such as *ho* (heme oxygenase 1) and *grik4* (glutamate receptor ionotropic, kainate 4) were also upregulated in the GH-transgenic group.

![Changed expression pattern of genes in GH-transgenic (T) common carp compared with non-transgenic (NT) common carp. Fold change of pituitary hormone-encoded genes in female and male T common carp compared with NT animals. Yellow represented for upregulation, dark blue and dark yellow for nearly no expression change, and blue for downregulation.](fendo-09-00131-g002){#F2}

In the liver, most DEGs were related to the GO terms of lipid metabolism, amino acid metabolism, and carbohydrate metabolism (Table S7 in Supplementary Material). We found that the hepatic expression levels of *erβ1* (estrogen receptor beta1), *ho, desaturase*, and *fabp7* (fatty acid binding protein 7) were increased in GH-transgenic carp while those of *leptinI, ghrelin, epo* (erythropoietin), *gys, igfbp1* decreased (Table S8 in Supplementary Material). All these genes are associated with the lipid metabolism signaling pathway, which is also related to reproductive development.

In the gonad, DEGs in both male and female were associated with organismal systems including the immune system, development, endocrine system, and digestive system. For specific genes related to reproductive and gonadal development, *cystatin* and *zp3* expression were upregulated, whereas *trypsin, npsn* (nephrosin precursor), *igf3*, and *cyp19a1a* expression were down-regulated in the GH-transgenic carp gonads (Table S8 in Supplementary Material).

Validation of RNA-Seq Data {#S3-3}
--------------------------

To validate the RNA-Seq data, 18 DEGs were selected for qPCR analysis. These genes included *fshβ, lhβ, gthα, gh, mch* (melanin-concentrating hormone), *gnih, pkm* (pyruvate kinase), *gnrh3, drd1, drd2, drd3, drd4, gnrhr1, gnrh*r*2, cyp19a1a, cyp19a1b, igf3*, and *leptinI* (Table S10 in Supplementary Material). As shown in Table S10 in Supplementary Material, the direction of change in expression of all 18 DEGs as determined by qPCR was consistent with the RNA-seq results. The Pearson product-moment correlation coefficient for results obtained from qPCR and RNA-seq for the 18 genes in both sexes was *R* = 0.835 (*P* \< 0.0001), which confirmed the reliability and accuracy of the RNA-seq data.

The levels of Gh, estradiol, Igf1, and Igf2 were quantified using ELISA. The results showed that serum Gh levels were significantly increased in GH-transgenic carp (Figure [3](#F3){ref-type="fig"}A). Serum estradiol levels were lower in GH-transgenic female carp, while there were no effects of GH-transgenesis in males (Figure [3](#F3){ref-type="fig"}B). There was no difference in Igf1 and Igf2 levels in GH-transgenic carp compared with non-transgenics (*P* \> 0.05) (Figures [3](#F3){ref-type="fig"}C,D). Serum glucose levels were decreased in both female and male GH-transgenic carp compared with non-transgenic animals (Figure [3](#F3){ref-type="fig"}E). As determined using Western blotting, pituitary Gh, Lhβ, and Gthα subunit levels were lower in GH-transgenic carp (Figure S4A in Supplementary Material), whereas Prl levels were higher in GH-transgenic carp than non-transgenic carp (Figure S4A in Supplementary Material). Semi-quantitative PCR showed that *gnrhr1* was expressed mainly in hypothalamus, whereas *gnrhr2, gnrhr3*, and *gnrhr4* mainly in pituitary (Figure S4B in Supplementary Material). These results also support the reliability of the RNA-seq data.

![Serum levels of **(A)** Gh, **(B)** estradiol, **(C)** Igf1, **(D)** Igf2, and **(E)** glucose contents in female (F) and male (M) non-transgenic (NT) and GH-transgenic (T) common carp. The results obtained were analyzed within sex by independent sample *t*-test. The *P*-values are indicated on the graph.](fendo-09-00131-g003){#F3}

Effects of Recombinant Leptin on Pituitary Gonadotropin Subunit Expression and Ovarian Follicular Maturation *In Vitro* {#S3-4}
-----------------------------------------------------------------------------------------------------------------------

We found that *lepR* is expressed in the pituitary and is upregulated in GH-transgenic carp (Table S10 in Supplementary Material). Given its importance in both body weight regulation and reproduction ([@B30], [@B31]), we therefore focused our attention on leptin. The *lepR* mRNA was detected by fluorescent *in situ* hybridization in the pars intermedia and proximal pars distalis (PPD) of the female pituitary. The *lepR* signal in PPD was co-localized with Lhβ (Figure [4](#F4){ref-type="fig"}).

![Co-localization of *lepR* and Lh in non-transgenic common carp pituitary. *In situ* hybridization of *lepR* (green) and immunofluorescence of Lh (red) in 8-month-old female **(A--D,D′,D″)** and male **(E,F)** common carp pituitary. Yellow-orange color indicates colocalization. PI, pars intermedia; PPD, proximal pars distalis. Scale bar, 50 µm.](fendo-09-00131-g004){#F4}

To further study whether there is a direct effect of Leptin on reproductive processes, we first tested the effects of the recombinant common carp Leptin protein on pituitary *gthα, fshβ*, and *lhβ* expression using real-time PCR (Figure [5](#F5){ref-type="fig"}). Two-way ANOVA was used to determine the concentration and time-dependent effects of Leptin on expression of the gonadotropin subunits. For *gthα*, the concentration × time interaction was significant (*P* = 0.01). While the main effects of increasing Leptin on *gthα* were not statistically significant (*P* = 0.22), there was an overall increase in expression of *gthα*, with time (*P* = 0.009). Only at the concentration of 10^−8^ M did Leptin increase (*P* \< 0.05) *gthα* at 2 h (Figure [5](#F5){ref-type="fig"}A). For *fshβ*, the concentration × time interaction was significant (*P* = 0.01). Levels of *fshβ* increased with time (*P* = 0.0002) and with concentration of leptin (*P* \< 0.0001). The 10^−9^ M dose increased *fshβ* up to 1 h of incubation. Leptin concentrations of 10^−8^ M were the most effective at enhancing *fshβ* from 30 min to 2 h of incubation (Figure [5](#F5){ref-type="fig"}B). The overall pattern of expression of *lhβ* resembled that of *fshβ*. For *lhβ*, the concentration × time interaction was significant (*P* = 0.0007). Levels of *lhβ* increased with time (*P* = 0.0018) and concentration of Leptin (*P* \< 0.0017). The 10^−9^ M dose of Leptin increased *lhβ* only at 1 h of incubation. For 10^−8^ M Leptin, *lhβ* was increased at both 1 and 2 h of incubation (Figure [5](#F5){ref-type="fig"}C).

![Effects of Leptin on **(A)** *gthα*, **(B)** *fshβ*, and **(C)** *lhβ* expression in 5-month-old female non-transgenic carp pituitary cells *in vitro*. Pituitary cells were exposed to Leptin for 30 min, 1, and 2 h. The expression of the target genes (mean ± SEM) were determined by real-time PCR and were expressed as fold change normalized to the controls. The results obtained were analyzed by independent sample *t*-test compared with controls. Asterisks indicate statistically significant differences at *P* \< 0.05.](fendo-09-00131-g005){#F5}

Recombinant common carp Leptin also stimulated zebrafish follicle maturation as assessed using the *in vitro* GVBD assay (Figure [6](#F6){ref-type="fig"}). Two-way ANOVA was used to determine the concentration and time-dependent effects of Leptin on GVBD. Both time (*P* \< 0.0001) and Leptin concentration (*P* \< 0.0001) increased GVBD over the 4--16 h incubation period. Although the interaction of time × concentration was not significant (*P* = 0.26), lower Leptin concentrations were less effective over short incubation times, and all doses of Leptin enhanced GVBD at 16 h.

![Effects of recombinant carp Leptin on zebrafish oocyte maturation. **(A)** Fully growth follicles were treated with recombinant carp Leptin. The follicles became mature (transparent) after germinal vesicle breakdown (GVBD). **(B)** The % follicles undergoing GVBD was scored and assessed. Each value represents the mean ± SEM of three independent experiments.](fendo-09-00131-g006){#F6}

Discussion {#S4}
==========

In the present study, we uncovered a novel mechanism for energy allocation between growth and reproduction in GH-transgenic fish. Common carp, tilapia, and coho salmon that carry a GH-transgene have enhanced growth and delayed reproductive development ([@B10], [@B14], [@B18]). Such genetically modified fish are amenable models to study interactions between the endocrine axes controlling growth and reproduction. Unfortunately, most published studies have only speculated that increased energy allocation to somatic growth rather gonad development is the reason for reduced reproductive performance in transgenic fish ([@B10], [@B14]). Our data indicate that in addition to neuroendocrine factors, reduced hepatic leptin may be part of the response to overexpression of GH and the resulting delayed in puberty onset.

Leptin May Act as a Sensor for Energy Status to Regulate Reproductive Development in GH-Transgenic Common Carp {#S4-1}
--------------------------------------------------------------------------------------------------------------

The DEGs in GH-transgenic compared to non-transgenic common carp were related to feeding, growth, metabolism of glucose and lipids, and reproductive function. Growth-enhanced GH-transgenic common carp exhibit increased appetite, which was previously surmised to be driven at least partially by increased *AgRP1* expression ([@B32]). In this study, we found the reduced expression of *gys* (glycogen synthase) and *igfbp1*, which was accompanied by decreased blood glucose level in GH-transgenic carp. Improved appetite in GH-transgenic carp could be driven by low glucose ([@B33]--[@B35]). On the other hand, decreased fat and energy content ([@B32], [@B36]), together with improved appetite and metabolic rate ([@B32], [@B37], [@B38]) in GH-transgenic fish, reflects an energy-deprived status. Under low glucose conditions, lipids can be used as energy sources. We observed that the lipid metabolism pathway was activated in the livers of GH-transgenic common carp. In particular, elevated pituitary *slα* in GH-transgenic carp may be important because somatolactin stimulates lipid catabolism in fish ([@B39], [@B40]). Increased hepatic *fas* (fatty acid synthase) expression in the GH-transgenic carp could also be indicative of accelerated fatty acid synthesis.

Notably, GH-transgenic common carp exhibit decreased hepatic *leptin* expression level, positively related to decreased fat content, as previously reported ([@B41]). Thus, leptin might play an important role in energy sensing. On the other hand, leptin is suspected to have a role in reproductive development in teleost fish. In sexual mature Atlantic salmon, the expression level of *leptin* is higher than in immature animals ([@B31]). In mammals, it is known that leptin affects both pituitary and gonadal functions ([@B42]). In addition, the effect of leptin on the activation of GnRH neurons is suspected to be indirect ([@B43]). We found that levels of pituitary *gthα, fshβ*, and *lhβ* mRNAs were stimulated by Leptin *in vitro*. We show that carp LH cells express the leptin receptor as reported in other fish ([@B44], [@B45]). Moreover, we demonstrate that recombinant Leptin stimulates GVBD in zebrafish. Together these results indicate that a GH--leptin--gonadotropin axis at least partially mediates the cross talk between growth and reproduction in fish.

Other Factors Are Linked to Reduced Reproductive Performance in GH-Transgenic Common Carp {#S4-2}
-----------------------------------------------------------------------------------------

Our previous study reported that elevated Gh production in GH-transgenic common carp suppressed pituitary Lh content and serum Lh levels ([@B18]). Zhou et al. ([@B46]) first demonstrated the intrapituitary autocrine/paracrine regulation between gonadotrophs and somatotrophs in grass carp pituitary cells and found that Gh inhibits Lh secretion *in vitro*. *In vivo* in the GH-transgenic carp model, GH regulates reproductive development through paracrine effects whereby Gh inhibits pituitary *gthα, fshβ*, and *lhβ* expression and Lh secretion ([@B18]).

Our data suggest that Gh may also negatively regulate reproductive processes at other levels of the hypothalamic--pituitary--gonadal axis. In cyprinid fish, GnRH3 is the main form stimulating Lh release ([@B47]). In the present study, the expression of *gnrh3* did not change in GH-transgenic common carp, while the expression of *gnrhr2*, the mRNA encoding for the GnRH receptor mediating the effects of GnRH3 in the pituitary, decreased significantly. Previously, we demonstrated that GH-transgenic carp have reduced pituitary sensitivity because coinjection of a GnRH agonist and dopamine agonist was not very effective at increasing *lhβ* and *fshβ* expression in GH-transgenic versus wild-type carp ([@B18]). Thus, the downregulation of *gnrhr2* caused by Gh is a contributing factor to reduced gonadotropin production. RNA sequencing and targeted PCR indicate that expression of several dopamine receptor subtypes were increased in the GH-transgenic carp. Increased expression of *drd1, drd3*, and *drd4* was confirmed by PCR. It has long been known that in goldfish (*Carassius auratus*), DA neurons innervate the anterior pituitary and stimulate Gh secretion *via* D1 receptors ([@B48]). It is unknown how Gh may regulate *drd1* and how it may relate to decreased expression of endogenous pituitary Gh noted in this study of GH-transgenic carp. On the other hand, there is clear evidence that DA acting *via* the pituitary DA D2 receptor is a critical inhibitor of gonadotropin synthesis and secretion in many teleosts ([@B49], [@B50]). Therefore, it is important to note that expression of *drd2* was not significantly different (only 1.2-fold) in the pituitaries of GH-transgenics. On the other hand, *drd3* and *drd4b* are members of the D2-like family, and they were significantly upregulated. A lesser known inhibitory effect of DA *via* D1 receptors has been reported for goldfish ([@B51]), such that a DA D1 antagonist potentiates glutamatergic stimulation of Lh release. Moreover, DA D3- and D4-selective drugs can inhibit GnRH-stimulated LH release from cultured tilapia pituitary cells ([@B52]). Perhaps, Gh also enhances dopaminergic inhibition of LH in GH-transgenic carp by increased DA receptor expression. Increased expression of hypothalamic *gnih* was accompanied by increased *gnihr* in pituitary in GH-transgenic common carp. In reproductively active adult goldfish ([@B53]) and carp ([@B54]), GnIH-3 is a strong inhibitor of LH.

The suppressed expression of gonadotropin subunits in the pituitary and decreased Lh and Fsh concentrations on the blood were accompanied by significantly reduced blood estradiol in females and a tendency for the same in males. It is known that physiological concentrations of estradiol exert strong positive feedback effects at the pituitary to enhance GnRH-induced Lh secretion in goldfish of both sexes with intact gonads ([@B2], [@B55]). The decrease in estradiol may therefore result in a reduced stimulation of *gthα, fshβ*, and *lhβ*.

The expression of *igf*3 in the female and male gonads decreased significantly, which might also be related to the delayed gonadal development in GH-transgenic carp. Igf3 is a gonadal insulin-like growth factor expressed specifically in follicular and Sertoli cells ([@B56], [@B57]). It functions to promote oocyte maturation in females ([@B58]) as well as spermatogonial proliferation in the testes ([@B59]).

Conclusion {#S5}
==========

Overexpression of Gh leads to increased somatic growth and altered glucose and lipid metabolism in common carp. We observed that hepatic leptin, pituitary gonadotropin subunit expression was decreased in GH-transgenic carp with reduced gonadal growth. This led us to explore the link between reduced leptin and suppressed reproductive processes. We found that recombinant carp Leptin stimulates gonadotropin subunit expression and induced ovarian GVBD *in vitro*. This provides evidence for a GH--leptin--gonadotropin axis that may mediate the cross talk between growth and reproduction in GH-transgenic fish (Figure [7](#F7){ref-type="fig"}).

![Simplified model for the influence of growth hormone (GH) overexpression on disruption of reproduction in common carp. Genes and proteins that are upregulated in GH-transgenic carp are shown in red, while those downregulated are shown in green. Black arrows indicate stimulation, and black blunt-end lines indicate suppression.](fendo-09-00131-g007){#F7}
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